Abstract Based on a fully coupled, high-resolution regional climate model, this study analyzed three-dimensional temperature and momentum changes in the South China Sea (SCS) from 1970 to 2000, during which period the climate shifts from a decadal La Niña-like condition (before 1976/1977) to a decadal El Niño-like condition afterward. With a set of partially coupled experiments, sea surface temperature (SST) and kinetic energy (KE) changes during this period are first decomposed into two components: those induced by lateral boundary forcing and those induced by atmospheric surface fluxes. The results showed that the total SST and KE changes show an increasing trend from 1970 to 2000. The two decomposed components together determined 96 and 89% of the SST and KE changes, respectively, implying their dominant roles on the SCS's surface variability. Spatially, a sandwich pattern of air-sea forcing relationship is revealed in the SCS basin. The increased KE, represented by a cyclonic flow anomaly in the northern SCS, was induced by enhanced cold water intrusion from Pacific into the SCS via the Luzon Strait (boundary forcing). This cold-water inflow, however, resulted in SST cooling along the northern shelf of the SCS. The maximal SST warming occurred in the central SCS and was attributed to the wind-evaporation-SST (WES) positive feedback (surface forcing), in which a southwestward wind anomaly is initialized by SST gradients between the northern and southern SCS. This wind anomaly decelerates the southwestly summer monsoons and in turn increases the SST gradients. Over the shallow Sunda shelf, which is far from the Luzon Strait, the SST/KE variability appeared to be determined primarily by local air-sea interactions. Furthermore, analyses on subsurface components indicated that the subsurface temperature changes are primarily induced by internal ocean mixing, which becomes significantly important below the thermocline. The enhanced subsurface flow is driven by the Luzon Strait inflow as well, and exits the SCS via the Mindoro-Sibutu passage.
Introduction
The South China Sea (SCS) is the largest marginal sea to the southeast of the Asian Continent, spanning from 58N to 258N and 1008E to 1208E. The average depth of the SCS is about 1200 m, with a maximum depth of 5500 m. It is bound by a narrow shelf along the coast of southern China and a wide continental shelf (the Sunda shelf) to its southwest ( Figure 1a) . Geographically, the SCS is a semienclosed ocean basin, with major inflows from the western Pacific via the Luzon Strait with a maximum depth of 2000 m, and outflows into the Java Sea via the Karimata Strait (40 m) and into the Sulu Sea via the Mindoro Strait (600 m). On one hand, isolated from the open oceans, the SCS demonstrates characteristic regional climate variability determined by local air-sea interactions. On the other hand, embedded between tropical Pacific and Indian Oceans and between the Asian and Australian Continents, the SCS climate variability can be significantly influenced by large-scale remote forcings, transferred into the SCS through oceanic and atmospheric bridges [Klein et al., 1999; Gordon, 1986] . sea surface height anomaly (SSHA) of the SCS is attributed to combined effects of wind stress curl and Luzon Strait inflows [Liu et al., 2001b; Oey, 2014, 2015; Cheng et al., 2015] . On the other hand, the SCS also demonstrates complex thermal structure and variability, from intraseasonal [Zeng and Wang, 2009; Wu, 2010; Wei et al., 2014b] to seasonal [Liu et al., 2001a; Qu, 2001; He and Wu, 2013] and interannual time scales [Wang et al., 2006b; Liu et al., 2014] . The seasonal SST variability is driven primarily by the local air-sea interactions, for which the seasonal north-south progression of incoming solar radiations and the SCS monsoon winds are the most important forcings [Chen et al., 2003a] , while the interannual SST variability can be attributed to remote forcings from tropic oceans, such as ENSO variability, transferred into the SCS through the Luzon Strait [Liu and Xie, 1999; Liu et al., 2001a] . In contrast to the SCS surface variability, its subsurface and intermediate temperature and momentum structures and variability remain less understood [Chen and Huang, 1996; Xu and Oey, 2014; Lin et al., 2016] .
According to IPCC reports 2013, a dramatic increase of global mean atmospheric-oceanic surface temperatures has occurred since 1970s, with an accelerated warming period from 1980s to 1990s, and a recent warming hiatus, from 2000 to present [Meehl et al., 2011; Levitus et al., 2009 Levitus et al., , 2012 Abraham et al., 2013; Balmaseda et al., 2013] . The tropical oceans were recognized to play a significantly important role in modulating regional and global climate variability; one interpretation is that the Pacific Decadal Oscillation (PDO) was in a positive phase between 1976 and 1998, corresponding to a warmer Indo-Pacific warm pool [Trenberth and Fasullo, 2013] , then from 1999, the PDO shifted to a negative phase (and it is still in this phase), producing a colder warm pool [Lin et al., 2011] . During a positive (negative) phase of the PDO, the eastern to central tropical Pacific generally becomes warmer (cooler) and the western Pacific becomes cooler (warmer). Another theory considers the interannual ENSO signals [Easterling and Weher, 2009; England et al., 2014; Clement and DiNezio, 2014] ; the Niño3.4 index showed that a decadal El Niño-like condition dominated when the PDO was in its positive phase, while La Niña events occurred more frequently before and after this period. Enhanced trade winds in the tropical Pacific and cold SST anomalies in the eastern tropical Pacific during La Niña periods were found to be important forcings in a recent climate model by Kosaka and Xie [2013] , which largely explains the past 50-year variation of global atmospheric-oceanic surface temperatures.
One of the major challenges in simulating the SCS variability is how to represent accurately the local air-sea interactions and the remote forcings transferred into the SCS, which requires not only a large model domain covering the SCS's surrounding oceans/seas, but also a sufficiently fine resolution to resolves the adjacent island chains and straits. While global reanalysis data sets were commonly used in previous studies, such as SODA, OFES, ECCO2, and HYCOM, their resolutions from 1/2 to 1/108 are often insufficient for those narrow straits (40 km) embedded in the Maritime Continent, leading to inconsistent results. By taking advantage of an unstructured grid ocean model, we have developed a fully coupled regional climate model covering the entire Maritime Continent, with a minimal resolution of 5 km along the shelf break and straits, explicitly resolving the internal throughflows for heat and mass exchanges between the SCS and the adjacent basins and seas. The model also includes large sections of the western Pacific and eastern Indian Oceans, and thus allows remote forcings to transfer into the SCS through the model boundary and surface flux [Wei et al., 2014a [Wei et al., ,2014b .
The climate variability in the SCS is physically complex at multiple time and spatial scales, involving local/ remote forcings and natural/anthropogenic effects, which interplay within the SCS. It is rather difficult to separate these processes from each other from observations and reanalysis. On the other hand, from the model point of view, since the temperature and momentum are explicitly integrated using prescribed model surface winds/heat fluxes and boundary forcing, the effects of the surface and boundary forcing can be separated numerically by means of a set of sensitivity experiments. Given the unique geometry of the SCS basin, the surface forcing involves local winds/heat fluxes and those transferred from outside the SCS through the atmospheric bridge. The boundary forcing is generally attributed to the Kuroshio water intrusion through the oceanic passages, e.g., the Luzon Strait. Therefore, the goal of this study is first to decompose numerically the SCS's temperature and momentum changes during a climate transition period into two components: those induced by ocean boundary forcings and those induced by atmospheric surface fluxes, respectively. We note that although such a decomposition cannot fully decipher the local and remote forcing neither, it provides us insights for better understanding how the remote forcing is transferred into the SCS through the model surface and boundary effects. Second, due to limited observations Journal of Geophysical Research: Oceans 10.1002/2016JC012078 below surface, the intermediate and deep SCS temperature and momentum variability still remains unclear. By decomposing the surface and subsurface temperature and momentum components, we were able to elucidate both horizontal and vertical extensions of the surface and boundary forcing acting on the SCS basin, which to our best knowledge, has not been achieved by any previous studies. The rest of the paper is organized as follows: section 2 introduces the coupled model used in this study, followed by a detailed description of model configurations and the sensitivity experiments. Section 3 presents the results of temperature and momentum decomposition and the analysis of the individual components. A discussion and concluding remarks are given in section 4.
Model and Methods

A Fully Coupled Regional Climate Model
The coupled climate model used in this study was developed by Wei et al. [2014a] for the Maritime Continent, which adopts the Regional Climate Model (RegCM3) as the atmospheric component, the Finite Volume Coastal Ocean Model (FVCOM) as the oceanic one, and OASIS3 as the coupler. RegCM3 was originally developed at the National Center for Atmospheric Research (NCAR) and is now maintained by the International Center for Theoretical Physics (ICTP). The dynamical core of RegCM3 is based on the hydrostatic version of the Pennsylvania State University/NCAR Mesoscale Model Version 5 (MM5) [Grell et al., 1994] and employs NCAR's Community Climate Model Version 3 (CCM3) atmospheric radiative transfer scheme (described in Kiehl et al. [1996] ). FVCOM was originally developed by Chen et al. [2003b] . The model solves the momentum and thermodynamic ocean equations using a second order finite-volume flux scheme, which combines the advantages of finite-element methods for geometric flexibility and finite difference methods for computational efficiency. The most important feature of FVCOM adopted in this coupled model is its unstructured grids, which allows us to design varying and sufficiently fine resolutions to resolve the complex topography, embedded archipelago, internal straits/seas, and throughflows within the Maritime Continent. The model topography was interpolated from ETOPO2 data set.
The model domain was set from 858E to 1428E and from 208S to 308N, covering the entire SCS, the Indonesian seas, and large sections of the western Pacific and eastern Indian Oceans (Figure 1 ). The resolution of RegCM3 was set to 60 km. The resolution of FVCOM varied from 5 km along the shelf break and in the straits, to 10 km along the coastlines, to 50 km over the Sunda shelf and deep areas of the SCS basin, and 200 km along the open boundaries. The coupled model was driven by the 6 h ERA-40 reanalysis (http://apps.ecmwf.int/datasets/) for the lateral boundary conditions of the atmospheric model and by the Simple Ocean Data Assimilation (SODA, version 2.2.4) [Carton et al., 2000a [Carton et al., ,2000b ] reanalysis (http://www. atmos.umd.edu/~ocean/) for the lateral boundary conditions of the ocean model. Surface fluxes were exchanged every 3 h between RegCM3 and FVCOM through the coupler (OASIS3), which interpolates atmospheric-oceanic variables (winds, heat fluxes, freshwater flux, and SST) between the two model grids. For more detailed information about the coupled model, please refer to Wei et al. [2014a] , who originally developed the coupled model, and Wei et al. [2014b] , for a comprehensive validation in the SCS. Moreover, Xu and Malanottte-Rizzoli [2013] validated the Indonesian Throughflow (ITF) in the ocean-only component against in situ observations, and Xue et al. [2014] examined the local air-sea feedback mechanisms over the entire Maritime Continent using the fully coupled model.
Model Configurations for the Sensitivity Experiments
The sensitivity experiments in this study are based on the concept of a partial-coupling (P-C) method used widely in global fully coupled GCMs [Wu et al., 2003; Zhong et al., 2008; Lu and Zhao, 2012; Luo et al., 2014; Ding et al., 2014] ; however, its applications in regional models has not been reported. In P-C experiments, one of atmospheric or oceanic variables is controlled in the coupled model, which allows for a partial airsea coupling, and therefore the effect of the controlled variable can be determined by the difference between the fully coupled experiment (control run) and the P-C experiments. To apply this method into a regional coupled model to separate the surface and boundary forcing in the SCS, the model was specifically configured as follows. First, the fully coupled model was spun up from 1960 to 1970, with a SST relaxation to the SODA data, in order to obtain a realistic initial condition. The model was then restarted on 1 January 1970, by turning off the SST relaxation, and integrated forward until 1 January 2010, allowing a full air-sea coupling. The fully coupled simulation during 1970-2010 is referred as the control experiment (Exp. 1).
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The temperature changes can be interpreted by the temperature budget equation
( 1) where the left-hand term is the rate of temperature changes; u, v, and w are ocean current velocities at x, y, and z directions, respectively; A h and K h are horizontal and vertical diffusivity; c p is the specific heat of water, q 0 the water density, and h the mixed-layer depth. The terms on the right-hand side are advection (ADV), horizontal diffusion (HDIF), vertical mixing (VDIF), and heat flux (HFX), respectively. Note that the horizontal diffusion term (HDIF) is usually negligible compared to the other terms [Uhlhorn and Shay, 2013; Wei et al., 2014c] . The vertical mixing term (VDIF) is small within the surface mixed layer, but can be significantly important at subsurface, especially near the thermocline where the vertical temperature gradient is large.
Likewise, the horizontal momentum equations can be written as follows, if the bottom friction is neglected [Knauss, 1978] :
where u and v are eastward and northward current velocity, respectively; f is the Coriolis parameter; p is the pressure; and s refers to the wind stress on the ocean surface for surface velocities and interfacial stress for subsurface velocities. If KE is defined as u 2 1v 2 ð Þ=2, combining equations (2) and (3), the KE budget equation can be derived as follows [Wei et al., 2014c] :
The left-hand term is the rate of KE changes. The right-hand terms are advection (ADV), pressure work by horizontal currents (PWH), and wind stress work (WND), respectively. The large-scale surface circulation in the SCS, driven mostly by the monsoon winds, can be represented by WND, and the Luzon Strait inflow is represented by ADV. Note that the PWH term reflects a geostrophic circulation when PWH 5 0, and therefore it becomes important only for ageostrophic flows.
To separate the surface and boundary effects, a set of experiments were designed based on the control experiment (Exp. 1). In Exp. 2, the lateral oceanic boundary conditions were controlled; that is, a coupled simulation of the 1980s/1990s was carried out, in which the lateral boundary conditions of the ocean model (temperature, salinity, and transport) were specified using those from the control experiment of the 1970s. Since the Luzon Strait transport in this model is largely controlled by the flow transport specified at the ocean boundary, the effect of the Luzon Strait inflow can be determined by Exp. 1-2. In Exp. 3, the lateral atmospheric fluxes were controlled; that is, a coupled simulation of the 1980s/1990s was carried out, in which the lateral boundary fluxes (heat fluxes and winds) of the atmosphere model were specified using those from the control experiment of the 1970s. By doing so, for such a small SCS domain, the atmospheric surface fluxes of the domain interior are generally determined by the boundary conditions of the 1970s, and therefore the effect of the surface fluxes can be determined by Exp. 3. Results Figure 2 compares the decadal-averaged SST and surface flows between the coupled model and SODA data. The coupled model generally reproduces the SODA velocity field, such as the cyclonic circulation in the northern SCS, representing a long-term ocean response to the Luzon Strait inflow and the monsoon winds. The cyclonic circulation brings cold water along the northern shelf of the SCS, turning southward along the east coast of the Vietnam and mixing with the central SCS water. On the shallow Sunda shelf (40 m), away from the Luzon Strait, the model SST is almost homogenous and the circulation is mainly driven by monsoon winds, with westward surface flows. In contrast, the SODA produces a southward flow near the Karimata Strait. By comparing 10 m winds of ERA-40 used by SODA and the winds from the coupled model (not shown), the flow difference over the Sunda shelf is due to different wind forcing patterns. Table 1 compares model strait transports with observations/reanalysis and previous numerical studies. It shows that our model reproduces reasonably well the total transport of in/outflows of the SCS. The model simulated transport through the Luzon Strait is 5 Sv into the SCS. Although the observed Luzon Strait Transport is highly uncertain, varying from 0.5 to 10 Sv [Qu et al., 1998; Qu, 2000; Tian et al., 2006] , our model estimate is consistent with results from previous model studies between 4.0 and 5.6 Sv [Metzger and Hurlburt, 1996; Qu et al., 2006; Tozuka et al., 2009; Hurlburt et al., 2011; Xu and Malanotte-Rizzoli, 2013] . The outflows of the SCS are through three 
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the SODA data, which is a data assimilation product. The SST warming mainly occurs in the southern part of the SCS, with a maximum warming of 0.48C. The warming in this region is far from the boundary exits (e.g., the Luzon Strait and the Karimata Strait) and thus can be intuitively attributed to the surface forcings (heat flux or winds). SST cooling occurs near the Luzon Strait, extending into the SCS along the continental shelf. This is apparently related to the cold-water inflow through the Luzon Strait. Note that dark blue area indicates the SST To seek possible surface and boundary forcings responsible for the basin-scale SST changes, Figure 5 compares the SST variation with net heat flux, wind speed, Luzon Strait transport and Niño3.4 index. Among them, the net heat flux shows an evident increasing trend from 1970 to 2000, which is consistent with the concurrent SST warming trend. The Niño3.4 index, applied with a 10 year running mean, confirms that the global climate underwent a decadal transition period from a La Niña-like to an El Niño-like condition ( Figure  5d ). The ENSO variability is known to influence the Luzon Strait transport by modulating the interannual variability of the North Equatorial Currents (NEC). During an El Niño/La Niña-like condition, the Luzon intrusion increases/decreases as the NEC bifurcation moves northward/southward, which has been extensively investigated in previous studies [Qiu and Lukas, 1996; Kim et al., 2004; Qu et al., 1998 Qu et al., , 2004 Qiu and Chen, 2010; Chang and Oey, 2012; Zhai et al., 2014; Chen and Wu, 2015] . In accordance with this, our model is capable of simulating the decadal trend of the Luzon transport related to the climate phase shifting. The intrusion into the SCS is 2 Sv during 1970s and increases to 6 Sv during 1980-2000 (Figure 5c ). One might readily expect that this enhanced cold-water inflow through the Luzon Strait could be responsible for the SST cooling in the northern SCS. On the other hand, the decadal SST warming trend seems to be unconnected to the decadal trend of the wind speed. Although their correlation coefficient of 20.21 is statistically insignificant, the winds apparently affect interannual SST changes (Figure 5b ). For instance, the 
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abrupt SST peaks in the years of 1983 and 1998 corresponds well to the weakening of winds during the strong 1982-1983 and 1997-1998 El Niño events.
Decomposition of SST Changes
According to the experiments described in section 2.2, the total SST changes (TL_DSST) can be decomposed into two components; those changes induced by the boundary effects (BC_DSST) and those induced by the surface effects (SF_DSST). Figure 6 displays temporal evolutions and spatial distributions of each component. It appears that the majority of the TL_DSST is represented by the combined BC_DSST and SF_DSST (Figure 6a ), implying a successful linear decomposition. Between the two components, the SF_DSST is apparently the dominant one, contributing to 80% of the total SST changes, while the BC_DSST accounts only for 16% in amplitude (Figure 6b ). The small misfit (4%) reflects the contributions from nonlinear processes and negligible terms, such as horizontal and vertical mixing (HDIF and VDIF). Spatially, the two components demonstrate different patterns in response to the surface and boundary forcings, respectively. The BC_DSST component shows remarkable cooling near the Luzon Strait, as well as notable warming over the central SCS basin along 108N (Figure 6c ). This result is in agreement with previous findings that, the northern SCS is influenced largely by the cold water intrusion from Pacific to the SCS through the Luzon Strait . In contrast, the SF_DSST shows a basin-wide warming in the SCS domain (Figure 6d ).
To further understand the mechanism underlying the two components, Figure 7 compares the BC_DSST/ SF_DSST with the Niño3.4 index, and associated heat flux/wind anomaly derived from the control and sensitivity experiments (Exp. 1-2/3). First, the interannual variation of the BC_DSST appears to be coherent with the Niño3.4 index (Figure 7a) , with a correlation coefficient of 0.63, implying the effects of ENSO on the BC_DSST through the boundary. Second, the decadal BC_DSST warming trend seems to be coincident with weakened winds (Figure 7c ), but uncorrelated with the surface heat flux (not shown). This implies that the major BC_DSST warming over the central SCS basin is most likely induced by the weakening of winds during the decadal El Niño-like period of 1980s-1990s. On the other hand, the SF_DSST component, with no significant decadal warming, generally follows the heat flux, with a correlation coefficient of 0.46 (Figure 7b ). Recall that the maximum SF_DSST warming occurs over the Sunda shelf (Figure 6d , except for the Bay of Tonkin), where the heat flux-SST feedback is actively dominated [Xue et al., 2014] . Meanwhile, the 
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SF_DSST is negatively correlated with the wind speed anomaly (Figure 7d ), implying that the winds might be responsible to some extent for its maximum warming in the central SCS. (Figure 8c ), due to an increase of its incoming solar radiation component (not shown), and are slightly negative in the central SCS, mainly due to the weakened latent heat flux ( Figure  8e ). Given that the net heat flux is positive in the northern SCS (Figure 8c ), the ocean cooling there is caused by the cold water intrusion from the Pacific Ocean through the Luzon Strait (Figure 6c ). For the warming of the SF_DSST, the basin-wide weakening of the winds (Figure 8b ) and latent heat flux (Figure 8f ) are apparently the major forcing, especially over the central SCS, however the net heat flux anomalies are negative (Figure 8d ), mainly due to the decrease of the solar radiation flux (not shown). Correlation coefficients between DSST and heat flux, wind speed and Niño 3.4 index at three typical sites (marked in Figure 8c ) are given in Table 2 . 
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Decomposition of Surface KE Changes
The surface KE and sea surface height (SSH) were decomposed using the same procedure. Figure 9 shows the total SSH/KE changes (TL_DSSH/TL_DKE) and their associated components induced by the boundary effects (BC_DSSH/BC_DKE) and surface effects (SF_DSSH/SF_DKE). As expected, the TL_DSSH is primarily determined by the boundary component, BC_ DSSH (Figure 9b ), as the SCS's dynamic heights are driven by the boundary forcings, instead of the surface fluxes. Accordingly, the total KE changes are mostly determined by the BC_DKE component too, which implies that the Luzon Strait transport plays a significantly important role in the SCS's circulations, through the boundary transport. Note that the misfit of the SSH is much smaller than that of the KE; this can be interpreted by the PWH term. According to the equations (2) and ( because the SSH generally reflects the geostrophic component (PWH 5 0), while the surface KE includes both geostrophic and ageostrophic, wind-driven components. Figure 10 shows the spatial distributions of the total SSH changes (TL_DSSH) superimposed by the surface velocity (TL_DUV), as well as the BC_DSSH/SF_DSSH components superimposed by BC_DUV/SF_DUV. As shown, the TL_DUV velocity in the northern SCS is generally driven by the TL_DSSH (geostrophic component dominated), while the TL_DUV in the southern SCS is apparently wind-driven (ageostrophic component dominated). The misfits between the total and decomposed velocities are plotted in Figure 10b ; positive misfits generally occur in the regions of flow divergence (PWH > 0) and negative misfits are associated with flow convergence (PWH < 0). The boundary component (Figure 10c , BC_ DSSH/BC_DUV) is the dominant component, essentially similar to the total one, while the surface component (SF_ DSSH/SF_DUV) is significant only in the central SCS basin (Figure 10d ). The cyclonic BC_DUV component in the northern SCS confirms the enhanced Luzon Strait transport during the El Niño-like period , while the 
Subsurface Temperature and Momentum Structures
To examine vertical extensions that the surface and boundary forcings can affect the deep SCS basin, we further carried out decompositions for subsurface temperature and momentum components. Figure 12 shows the temporal evolution and spatial distributions of subsurface temperature and KE changes. A similar increasing trend of the subsurface temperature and KE can be found in the upper 500 m depth, but it becomes less prominent below 1000 m depth. The temperature pattern at 150 m depth indicate that the warming is located mainly in the southern SCS basin (Figure 12c ). The increased KE is represented by a cyclonic throughflow into the SCS from the Luzon Strait and outflows to the Sulu Sea from the Mindoro Strait (Figure 12d ). This flow pattern can penetrate down to 700 m depth (not shown), which is different from the surface throughflow through the Karimata Strait (Figure 11c ). This deep throughflow separates the southern fast-warming water from the slow-warming water in the northern SCS, where the latter mixes with the cold-water inflow from the Luzon Strait. 
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Vertical profiles along a cross-basin section of the decomposed subsurface temperature components (BC_ DSUB and SF_DSUB) and their misfits are plotted in Figure 13 . It appears that the misfits are statistically insignificant near surface, but can be up to 0.158C at about 300 m depth near the thermocline. On the other hand, the BC_DSUB shows remarkable warming in the southern SCS down to 150 m depth, but cooling over the Sunda shelf and throughout the water column near the Luzon Strait (Figure 13c ). This cooling extends towards the deep SCS basin below the surface warming. Insignificant temperature changes of the BC_DSUB generally occurs in a transition zone between the warming and cooling. In contrast, the SF_DSUB only affects the SCS thermal structure within upper 20 m (Figure 13d ), below which depth the SF_DSUB are generally small or statistically insignificant. It is noteworthy that the surface temperatures changes induced by the surface and boundary forcing can penetrate down to 150 m depth only, while they can be further transported downward into the deep SCS basin (3000 m depth) by internal ocean mixing (Figure 13b ).
Summary and Discussions
The SCS, the largest marginal sea located between the tropical Pacific and Indian Oceans, is a semienclosed basin, separated by island chains from the open oceans; as a result, its climate variability is Figure 12 . Evolution of subsurface changes for (a) temperature and (b) KE, and spatial distribution of the subsurface changes of (c) temperature and (d) velocity at 150 m depth. A cross-basin section is marked in Figure 12c .
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determined jointly by both local air-sea interactions and remote forcings transferred into the SCS through oceanic and atmospheric passages, producing complex variability at multiple time and spatial scales. However, on the one hand, limited by its extremely complex geometry, topography and archipelago features, few existing regional coupled climate models have been able to fully resolve the two processes, which requires not only a large model domain to cover the entire Maritime Continent and adjacent oceans, but also sufficiently fine resolutions to resolve the island chains and straits. On the other hand, the two processes/forcings are naturally interactive in the SCS, and therefore difficult to separate from each other, which remains one of the major challenges for understanding the multiscale climate variability in the SCS.
Adopting an unstructured grid ocean model as the oceanic component, we have successfully developed a coupled regional climate model for the Maritime Continent, resolving the SCS with a minimal resolution of 5 km along the shelf break and straits, covering large sections of the tropic Pacific and Indian Oceans and thus allowing remote forcings to transfer into the SCS through the model surface and lateral boundary effects. While we note that it is rather difficult to decipher the local and remote forcings from the coupled simulations, the effects of the remote forcing transferred into the SCS can be revealed from the model surface and boundary effects, separated by a set of sensitivity experiments using the coupled model.
In this study, the SCS's thermal and dynamic changes during 1970-2000 are decomposed into the two components: those induced by lateral boundary forcing and surface fluxes, respectively. The results showed that the two components together determined 96% of the total SST changes and 89% of the KE changes, Figure 13 . Cross-basin vertical sections of TL_DSST, BC_DSST, and SF_DSST components and their misfits. The section is marked in Figure  12c . Note that the upper 500 m is expanded to demonstrate the upper thermal structures. The model grids are marked for insignificant SST changes, examined by t-test at a significance level of 0.05.
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implying a successful linear decomposition of the surface and boundary effects. The decomposed components demonstrated an evident increasing trend for both surface and subsurface temperature and momentum changes during 1970-2000. The increased subsurface SCS throughflow adopts a pathway from the Luzon Strait to the Mindoro Strait, different from the surface throughflow via the Luzon Strait to the Karimata Strait. This is attributed to the model flexible resolutions up to 5 km, sufficiently fine enough to resolve the 40 km wide and 700 m deep Mindoro Strait. This deep SCS outflow plays a significantly important role to modulate the ITF variability [Gordon et al., 2012; Xu and Malanotte-Rizzoli, 2013; Wei et al., 2016] .
Previous studies indicated that the air-sea coupling relationship in the SCS can be divided into a contrasting north-south pattern [Xu and Malanotte-Rizzoli, 2013] and a sandwich structure [Wang et al., 2006c; Wei et al., 2014b] . In general, it is considered that the northern SCS is substantially influenced by the Pacific intrusion flows through the Luzon Strait [Liu and Xie, 1999; Liu et al., 2001a] . The southern SCS, as a part of the IndoPacific warm pool, is more likely influenced by westward propagating ENSO signals along the oceanic and atmospheric bridges [Klein et al., 1999] . This argument is supported by the decomposed components obtained from this study. In the northern SCS, the enhanced cold water inflows intrude into the SCS during the decadal El Niño-like period of 1980s-1990s through the Luzon Strait (the oceanic bridge), shown as the cooling in the boundary component BC_DSST (Figure 6c ) and the cyclonic circulation in the BC_DKE component (Figure 10c ). In the central SCS basin, the weakening of winds favors the overall SST warming (atmospheric bridge), revealed by the SF_DSST (Figure 6d ). Over the Sunda shelf, which is far from the exits and straits, the local air-sea interactions are dominated. Different from the previous studies, this study also explicitly presents the horizontal and vertical extensions of the surface and boundary effects.
Both BC_DSST and SF_DSST components indicate that winds play a significantly important role in the central SCS to determine SST variability through the Wind-Evaporation-SST (WES) mechanism [Xie and Philander, 1994; Xie, 1999] , while the heat fluxes are more active over the continental shelf, where shallow waters favor the heat flux-SST feedback. The cold-water intrusion from the Luzon Strait leads to a northeastward SST gradient, and thus a southwestward wind anomaly is originated. Due to Coriolis force, this southwestward wind deviates to the west and weakens the summer monsoons (Figures 14a and 14c) . Thus the evaporation of the central SCS basin is weakened, thereby warming up ocean SST and further enhancing the northeastward SST gradients. On the other hand, the temperature gradient crossing the northern SCS and mainland China results in an eastward wind anomaly, thereby accelerating the summer monsoons and further cooling down the SST near the Luzon Strait. In contrast, this WES feedback becomes less prominent in winter, for which the wind anomaly accelerates the northeastly winter monsoons (Figures 14b and 14d ).
